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Abstract 

Deuterium  NMR  relaxation-time  constants  Tjq  and  from  spectra  of  a  phenyl -ring- 
deuterated  double-tailed  surfactant  sodium  4-(r-heptylnonyl)benzenesulfonate  (SHBS)  in  liquid 
crystals  formed  with  water  were  obtained  from  0  to  80  °C.  The  relaxation-time  constants  were 
determined  for  the  15  and  90  degree  orientations  of  the  powder  sample.  This  data  is  compared  to 
predicted  relaxation  time  constants  from  two  different  models  for  molecular  reorientation, 
including:  (I)  phenyl-rings  undergoing  uniaxial  reorientation  about  the  T-4'  axis;  (II)  phenyl- 
rings  rotating  rapidly  about  the  T-4'  axis  of  a  molecule  which  is  reorienting  about  a  space  fixed 
director  axis.  Both  models  include  an  adjustable  parameter  that  describes  molecular  motion  about 
the  T-4'  axis  that  results  from  either  strong  collisions  or  small  step  free  rotational  diffusion.  The 
results  from  both  models  indicate  the  rate  of  reorientation  about  the  T-4'  axis  of  the  phenyl  ring  is 
approximately  three  times  the  nuclear  Larmor  frequency  of  the  deuterium  nucleus,  30  MHz,  at 
room  temperature.  This  rate  increases  with  increasing  temperature.  The  best  fits  of  the  data  were 
determined  using  model  (II).  The  predicted  rate  constants  for  motion  about  this  axis  differ  slightly 
for  each  model,  whereas,  the  type  of  motion  predicted  by  the  two  models  is  very  different  Model 
(I)  indicates  reorientation  about  the  T-4'  axis  is  more  like  strong  collisions.  Model  (II)  indicates 
that  the  motion  is  more  like  small  step  rotational  diffusion. 
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Introduction 

Surfactants  in  water  can  be  molecularly  dispersed  like  other  solutes  at  low  concentrations. 
With  increasing  concentration,  the  surfactant  may  micellize,  or  separate  from  the  solution  as  an 
ordered  phase.  The  separated  phase  may  be  either  crystalline  or  liquid  crystalline.  The  type  of 
behavior  observed  depends  upon  many  parameters,  including  the  structure  of  the  surfactant  and  the 
temperature  of  the  system. 

Lamellar  or  smectic  liquid  crystalline  dispersions  have  been  used  in  a  variety  of  different 
applications.  The  applications  include  tertiary  oil  recovery  (1),  drug  delivery  (2),  and  model 
membranes  (3).  In  lamellar  liquid  crystals,  the  surfactant  forms  bilayers  which  separate  the  water 
layers.  These  systems  show  both  long  range  order  and  local  translational  and  rotational  mobility 
for  various  chemical  moieties  comprising  the  system. 

Sodium  4-(r-heptylnonyl)benzenesulfonate  (SHBS)  is  a  double-tailed  surfactant  that  has 
properties  similar  to  many  molecules  of  synthetic  or  biological  origin.  The  surfactant  shows  no 
critical  micelle  concentration  in  water,  but  does  show  some  evidence  of  aggregation  below  its 
solubility  limit  At  higher  surfactant  concentrations,  liquid  crystals  form  and  coexist  with  the 
soluble  surfactant  (4-6).  Aqueous  dispersions  of  these  liquid  crystals  may  be  sonicated  to  form 
vesicles  (7-10)  and  mechanically  agitated  to  form  liposome  type  structures  (11).  The  liquid 
crystals  of  SHBS  and  water  do  not  appear  to  orient  in  a  magnetic  field,  at  4.7  T,  and  form 
polycrystalline  samples.  Consequently,  the  individual  lamellar  domains  are  randomly  oriented, 
with  respect  to  the  magnetic  field  throughout  the  sample. 

In  order  to  investigate  the  motion  of  the  headgroup,  the  phenyl  protons  of  SHBS  have  been 
replaced  with  deuterons.  The  phenyl  group  is  then  the  "labeled"  site  and  used  as  a  reporter  group 
for  the  headgroup  motions.  The  stracture  of  the  molecule  is  shown  below. 
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Sodium  4-(l'-iieptyinonyl)benzenesulfonate 

A  previous  study  of  SHBS  liquid  crystals  compared  experimental  D-NMR  lineshapes  with 
lineshapes  simulated  for  three  different  types  of  molecular  reorientation  (12).  Simulated  spectra  for 
the  case  of  a  fast  uniaxial  reorientation  about  the  molecule  fixed  1-4'  axis  have  similar  line  shapes, 
but  quadrupolar  splittings  are  not  reduced  as  much  as  those  of  the  experimental  spectra  (12-14). 
For  what  is  usually  called  anisotropic  rotational  diffusion,  a  fast  motion  about  the  r-4'  molecular 
axis  of  the  phenyl  ring  and  a  much  slower  motion  perpendicular  to  this  axis  are  considered. 
Simulated  spectra  based  on  this  anisotropic  rotational  diffusion  have  quadrupolar  splittings  which 
are  similar  to  the  experimental  ones,  but  the  lineshapes  are  not  reproduced  well  (12,15).  The 
addition  of  what  has  been  termed  "anisotropic  viscosity"  (16)  has  been  used  to  produce  simulated 
spectra  which  have  both  quadrupolar  splittings  and  lineshapes  which  match  the  experimental 
spectra.  With  anisotropic  viscosity,  the  motion  the  deuterated  phenyl  ring  is  modeled  as  a  fast 
reorientation  of  the  molecule  about  a  space  fixed  director  axis  (r-4"  axis)  and  a  fast  motion 
perpendicular  to  this  axis  that  is  restricted  by  an  intermolecular  interaction.  Shown  in  Figure  1  are 
spectra  calculated  using  the  anisotropic  rotational  diffusion  and  anisotropic  viscosity  models  along 
with  an  experimental  spectrum. 

Relaxation  Behavior.  In  this  paper,  we  have  furthered  our  studies  of  the  SHBS  water  system 
with  relaxation  measurements.  Relaxation  rates  of  deuterium  nuclear  magnetic  resonance  (D- 
NMR)  spectra  are  often  measured  using  inversion-recovery  (IR)  (17-19)  and  Jeener-Broekaert 
(JB)  excitation  experiments  (20)  in  studies  of  molecular  dynamics  in  liquid  crystalline  systems. 
Orientation  dependent  information  is  readily  available  from  the  inversion  recovery  experiment  and 
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anisotropies  in  Zeeman  relaxation  rates  R}2  can  be  measured  and  used  to  compare  various  models 
of  molecular  reorientation  (19).  Orientation  dependent  information  is  also  available  from  the  JB 
pulse  sequence,  but  this  pulse  sequence  has  been  limited  to  use  in  macroscopically  oriented 
systems.  A  broadband  version  of  the  JB  pulse  sequence  (BBJB)  has  recently  been  developed  for 
excitation  of  quadrupolar  polarization  over  a  wide  frequency  range.  This  has  allowed  powder 
samples  to  be  studied  with  these  techniques  and  orientation  dependent  quadrupolar  relaxation  rates 
Rjq  to  be  determined  (21-23). 

The  IR  and  BBJB  experiments  can  be  used  to  measure  both  spectral  densities  /^(cOq)  and 
72(2o)q),  from  relaxation  rate  data  for  the  recovery  of  Zeeman  and  quadrupolar  polarization  (19), 


Riz  =  ^  (e^Q/hf  [JiCao)  +  472(2(Oo)]  (D 

and, 

RlQ  =  2ai(e2qQrt,)2  71(0,0)  (2) 

where,  (e^qQ/h)  is  the  quadrupolar  coupling  constant,  in  Hz,  and  the  relaxation  rates  Riz  and  Riq 

are  related  to  the  relaxation  time  constants  Tiz  and  Tiq  with  the  following  equation,  Riz(Q)  = 

1/Tiz(Q).  The  spectral  densities  provide  information  on  molecular  motion  as  a  function  of 

frequency.  The  relaxation  rates  for  different  orientations  of  microcrystallites  with  respect  to  the 

magnetic  field  will,  in  general,  be  different  and  are  used  for  comparison  with  the  predicted 

relaxation  rates  from  various  models.  For  powdered  samples,  this  involves  measuring  the 

relaxation  rates  for  different  portions  of  the  spectrum  corresponding  to  different  orientations  of  the 
microcrystallites  with  respect  to  the  magnetic  field. 

Motional  Models  The  interpretation  of  the  relaxation  data,  in  this  paper,  is  based  on  fitting  it  to 
two  different,  but  related,  motional  models.  Model  (I)  is  based  on  uniaxial  molecular  reorientation 
for  various  orientations  of  the  molecular  diffusion  axis  with  respect  to  the  magnetic  field 
(19,24,25).  Model  (II)  is  a  composite  model  based  on  both  an  internal  uniaxial  segmental 
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reorientation  and  on  an  overall  reorientation  of  the  molecule  with  respect  to  a  space  fixed  director 
axis.  Both  models  use  the  same  mathematical  description  for  the  uniaxial  reorientation. 

Uniaxial  reorientation  may  involve  a  continuous  small  step  diffusive  type  motion  or  strong 
collisions  which  cause  the  molecule  to  jump  from  one  site  to  any  other  of  the  N  sites  equally 
spaced  about  the  molecular  diffusion  axis.  For  molecules  reorienting  uniaxially  in  an  oriented 
sample  and  in  the  fast  motion  limit,  <  10'^  s,  the  lineshape  is  fully  collapsed  to  what  is  expected 
for  a  motionally  averaged  quadrupolar  tensor.  With  either  jumps  or  continuous  diffusion  about  the 
molecular  diffusion  axis  the  D-NMR  spectrum  would  appear  as  a  doublet.  For  a  powdered 
sample,  these  two  types  of  fast  motions  would  yield  characteristic  powder  patterns  (12-14).  When 
N  is  large  the  distinction  between  strong  collisions  and  small  step  rotational  diffusion  is  not 
obvious  from  line  shape  analysis  alone.  In  this  case,  relaxation  rate  measurements  may  help  to 
probe  the  mechanistic  details  of  uniaxial  molecular  reorientation  (19). 

When  the  N  sites  that  the  molecule  may  occupy  are  equally  spaced  about  the  molecular 
diffusion  axis,  there  are  three  possible  types  of  motions  that  have  been  treated  by  Torchia  and 
Szabo  (24);  nearest  neighbor  jumps;  jumps  from  one  site  to  any  other  (strong  collisions);  and  free 
diffusion.  As  the  number  of  sites  approaches  infinity,  the  solution  for  nearest  neighbor  jumps  is 
equivalent  to  the  solution  for  free  diffusion.  A  solution  for  the  correlation  functions  of  motion 
about  the  molecular  diffusion  axis,  fLL'(t)>  that  incorporates  both  free  diffusion  and  strong 
collision  models  is  (26), 

fL,L’  (“Cl)  =  5l,L'  e-t^L  (3) 

where,  the  two  significant  correlation  times  Ti  and  T2  are  related  by  the  equation  x^  =  (3p  +  1)X2’ 
6ll’  is  the  delta  function  for  states  L  and  L',  and  p  describes  the  type  of  motion.  When  the 
variable  p  =  1,  the  solution  corresponds  to  small  step  rotational  diffusion  and  when  p  =  0  the 
solution  corresponds  to  strong  collisions.  Intermediate  values  of  p  correspond  to  a  mixture  of  the 
two  types  of  reorientation.  This  solution  is  applicable  to  both  models  (I)  and  (II).  It  describes  the 
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uniaxial  motion  about  the  molecular  diffusion  axis  in  model  (1)  and  the  internal  uniaxial  segmental 
motion  of  model  (II). 

In  addition  to  the  uniaxial  segmental  reorientation,  model  (II)  incorporates  a  description  of  an 
overall  reorientation  of  the  entire  molecule  about  a  space  fixed  director  axis  to  calculate  relaxation 
time  constants  (26).  In  this  model,  there  are  four  parameters  that  describe  molecular  reorientation. 
They  describe  the  rate  of  uniaxial  segmental  reorientation,  the  type  of  segmental  motion,  (small 
step  diffusion  or  strong  collisions),  and  two  rates  of  molecular  reorientation  with  respect  to  the 
director  axis  (one  rate  describes  the  reorientation  of  the  molecule  away  from  the  director  axis,  and 
the  other  describes  rotation  of  the  molecule  about  this  axis).  The  motions  of  the  molecule  about 
and  away  firom  the  director  axis  are  influenced  by  a  restoring  potential  which  mimics  intermolecular 
interactions.  The  spectral  densities,  in  equation  1  and  2,  can  be  calculated,  for  a  given  angle 
between  the  director  axis  and  the  static  magnetic  field,  firom  a  table  of  numerical  values  in  the  form 
of  polynomials  in  the  order  parameter  822  (26).  TTie  order  parameter  can  be  related  to  the  residual 
quadrupolar  splitring  of  the  D-NMR  spectrum  and  to  the  restoring  potential  (27). 
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Experimental 

The  deuteration  of  SHBS  and  preparation  of  liquid  crystals  were  described  previously  (12). 
The  liquid  crystalline  sample  was  formed  from  deuterium  depleted  water  and  surfactant.  The 
overall  composition  of  the  liquid  crystalline  sample  is  40  wt  %  water  60  wt  %  SHBS.  The  sample 
was  allowed  to  equilibrate  at  room  temperature,  then  it  was  placed  in  the  probe,  brought  to  the 
desired  temperature,  and  allowed  to  stay  at  that  temperature  until  echo  spectra  showed  no  further 
changes  in  quadrupolar  splitting.  Then,  relaxation  experiments  were  performed.  The  temperatures 
at  which  relaxation  rates  were  determined  ranged  from  0®  to  80®  C. 

The  deuterium  relaxation  experiments  were  performed  with  a  Varian  VXR-200  spectrometer 
operating  with  a  wide  line  probe  at  30.7  MHz  for  deuterium.  The  Tj2's  were  determined  using  the 
inversion-recovery  pulse  sequence  with  a  quadrupolar  echo  for  acquisition  to  avoid  receiver 
deadtime. 

(tc)  - 1  -  (ic/2)x  -  T  -  (?t/2)y  -  X  -  acquire 

A  set  of  spectra  were  recorded  at  each  temperature  using  this  pulse  sequence.  The  time,  t,  between 
the  7C  pulse  and  the  quadrupolar-echo  pulse  pair  was  arrayed  in  this  set  of  spectra  to  obtain  the  time 
constant  Tj^.  The  pulse  widths  were  set  at  2.0  its  for  the  7c/2  pulse.  The  delay  used  in  the 
quadrupolar  echo  pulse  pair,  x,  was  set  to  40  ps.  A  total  of  4096  data  points,  both  real  and 
imaginaiy,  were  recorded  with  a  spectral  width  of  150  kHz  for  each  transient. 

In  order  to  measure  T|q  in  powder  samples,  like  SHBS  liquid  crystals,  excitation  over  a 
wide  range  of  frequencies  is  necessary.  Broadband  excitation  pulse  sequences  allow  this  type  of 
excitation.  We  have  used  a  BBJB  excitation  pulse  sequence,  developed  by  Wimperis  and 
Bodenhausen  (21,22),  and  combined  it  with  a  n/2  refocusing  pulse  in  the  detection  period  (28)  to 
create  quadrupolar  polarization  and  to  measure  Tiq.  The  pulse  sequence  and  phase  cycling 
employed  avoid  problems  related  to  phase  corrections  and  frequency  discrimination  of  other  JB 
pulse  sequences  and  allow  only  the  recovery  of  quadrupolar  polarization  to  be  monitored. 
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(n/2)-  X  -  (2Tt/6)  •  2t  -  (1^12)  - 1  -  (Jt/4)  -  x'  -  (71/2)-  x'  -acquire 

A  set  of  spectra  were  recorded  at  each  temperature  using  this  pulse  sequence.  The  first  three  pulses 
create  the  quadrupolar  excitation.  The  last  two  pulses  are  used  to  monitor  the  remaining  signal.  In 
this  set  of  experiments  the  time,  t,  between  the  third  an  fourth  pulses  was  arrayed  to  obtain  the  time 
constant  Tjq.  The  it  pulse  width  was  adjusted  to  2.4  microseconds.  The  time  x  used  in  the 
quadrupolar  excitation  portion  of  the  pulse  sequence  was  determined  (17)  using  the  average  of  the 
frequencies  of  the  15°  and  90°  orientations,  at  each  temperature.  The  time  x'  used  in  the  monitoring 
portion  of  the  sequence  was  set  to  20  ps.  A  total  of  4096  data  points,  both  real  and  imaginary, 
were  recorded  with  a  spectral  window  size  of  150  kHz  for  each  transient 

The  intensities  were  measured  at  the  frequencies  corresponding  to  the  director  of  the 
microcrystallites  being  oriented  at  90°  and  15°  with  respect  to  the  magnetic  field.  These  positions 
are  shown  in  Figure  1.  The  90°  orientation  was  chosen  because  of  its  intensity,  however,  intensity 
from  the  35.7  degree  orientation  also  contributes  to  the  intensity  at  this  frequency.  The  15° 
orientation  was  chosen  because  there  is  a  significant  amount  of  intensity,  and  no  spectral  overlap  at 
this  point  in  the  spectrum.  The  relaxation  time  constants  were  then  calculated  from  Equations  4 
and  5  with  a  program  that  fits  the  data  for  Ig,  and  q).  using  the  Levenberg-Marquardt 
method  (29). 

I(t)  =  Io  +  (Ioo-Io)(l-e-«iz)  (4) 

and, 

I(t)  =  Ioe-®iQ  (5) 

The  relaxation  rates  determined  from  the  time-intensity  data  were  compared  to  relaxation  rates 
generated  using  models  (I)  and  (H).  The  value  of  the  following  function  was  used  to  evaluate 
the  best  fit,  which  is  the  sum  of  four  squared  differences  between  the  experimental  (exp)  and 
calculated  (calc)  values  for  the  time  constants  at  each  of  two  orientations  and  relaxation  times. 

i  =  Z,Q  j  =  15*,90» 


(6) 
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Results 

The  telaxatici'  lime  constants  from  the  inversion  recovery  and  the  broadband  Jeener- 
Broekaert  pulse  experinwnts  are  listed  in  Table  I.  Under  the  BBJB  pulse  sequence,  the 
measurement  of  the  relaxation  rate  at  0  ®C  and  the  15®  orientation  was  not  possible.  The  intensity 
corresponding  to  this  orientation  decayed  very  quickly,  the  signal  to  noise  ratio  at  times  greater 
than  20  its  was  very  poor,  and  the  lineshape  was  distorted.  Figures  2  and  3  show  the  Zeeman 
relaxation  data  for  the  90  and  IS®  orientations  of  microcrystallites  with  respect  to  the  magnetic  field 
with  temperature  along  with  the  fits  from  the  two  models  (1  and  II)  tested.  Figures  4  and  5  show 
the  corresponding  data  for  the  quadrupolar  polarization  relaxation  times. 

The  experimental  relaxation  time  constants  were  used,  along  with  a  quadrupolar  coupling 
constant  of  172  kHz  (12),  to  determine  the  best  p‘s  and  k’s  (k=l/t),  given  by  Equation  3  for  the 
uniaxial  model  (I),  based  on  a  minimum  value  of  from  Equation  6.  A  diffusion  angle  of  60 
degrees  was  used  in  the  calculations,  which  is  the  angle  between  the  diffusion  axis  and  the  C-D 
bond  vector.  The  parameter  p  was  varied  from  0  to  1  in  steps  of  0.01 ,  and  kj  was  varied  firom  0.1 
to  100  times  the  nuclear  Larmor  firequency  (30.7  MHz).  Table  II  lists  the  p's  and  kj's  that 
produce  the  best  fits  for  each  temperature  studied  using  the  uniaxial  model. 

In  order  to  determine  the  effects  that  an  overall  molecular  reorientation,  about  the  liquid 
crystalline  director  axis,  accompanied  by  phenyl  ring  rotation,  about  the  r-4'  axis,  would  have 
upon  nuclear  relaxation,  spectral  densities  from  the  composite  model  (II)  were  used  to  generate 
relaxation  data.  A  program  called  JC  was  used  to  generate  the  spectral  densities  (26).  Relevant 
input  parameters  are  the  angle  P  (60  degrees),  the  form  of  the  restoring  potential  (cosine),  p~the 
type  of  reorientation,  ka,  kp,  and  ky ,  rotational  rate  constants  and  the  order  parameter  Sj^.  The 
order  parameter  was  calculated  from  the  experimentally  determined  quadrupolar  splitting  of  the  D- 
NMR  spectrum  at  each  temperature.  can  be  related  to  the  experimentally  determined 
quadrupolar  splitting  of  the  D-NMR  spectra  at  the  90  degree  orientation,  AVq,  the  frequency 
difference  between  the  most  intense  narts  of  the  D-NMR  spectrum,  using  the  following 
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relationship  (12^7): 


Av, 


3  3  cos^P  - 1  3  cos^p'  - 1 

i  =  - ^)( - 5^)Szz 


(7) 


where,  the  angle  between  the  magnetic  field  and  director,  P  =  90°,  the  angle  between  the  C-D  bomi 
vector  and  the  molecular  diffusion  axis,  p*  =  60°  and  (O^  is  the  quadrupolar  coupling  constant  (12). 
The  parameter  p  is  the  same  as  in  model  (I)  and  was  varied  from  0  to  1.  The  rate  constant  for 
phenyl  ring  rotation,  ky  or  ki  from  model  (I),  was  varied  from  0.1  to  100  times  the  nuclear 
Larmor  frequency.  Its  magnitude  was  at  least  5  times  and  kp,  the  rate  constants  for  molecular 
reorientation  about  the  director  axis.  Further,  k^^  was  set  equal  to  kp. 

Reasonably  good  fits  for  all  data  sets  were  found  when  p  was  near  0.6S.  Elecreasing  k^^  and 
kp  from  0.2  times  ky  increased  the  errors  between  calculated  and  experimental  time  constants. 
Table  II  shows  the  best  ky  s  derived  from  the  experimental  quadrupolar  splittings,  using  p  =  0.65, 
and  k(j  =  kp  =  5ky  The  table  also  shows  the  values  generated  using  both  models  (I)  and  (II). 


Duke  and  Blum 


SHBS  Headgroup  Relaxation  •  12 


Discussion 

The  use  of  the  deuterium  quadrupolar  relaxation  times  to  elucidate  the  dynamics  of  colloidal 
systems  is  not  new.  Spectral  densities  and  reorientation  times  for  water  on  cellulose,  lamellar 
lyotropic  liquid  crystals,  and  nematic  liquid  crystals  have  all  been  measured.  (30-33)  These 
systems  were  oriented  and  only  limited  reports  on  unoriented  samples  have  appeared.  (34)  For  our 
powdered  sample,  the  deuterium  NMR  lineshape  consisted  of  superpositions  of  the  two  transitions 
between  nuclear  spin  states  -1,0,  and  1,  for  molecules  in  microcrystallites  at  all  orientations  with 
respect  to  the  magnetic  field.  The  frequency  that  corresponds  to  the  (-1  ->  0)  transition  for  a 
molecule  in  a  microcrystallite  oriented  at  90  degrees  with  respect  to  the  magnetic  field,  is  also  the 
frequency  that  corresponds  to  the  (0  ->  1)  transition  for  a  molecule  in  a  microcrystallite  oriented  at 
35.7  degrees  with  respect  to  the  magnetic  field,  and  vice  versa.  Thus,  there  will  be  contributions 
to  the  measured  intensity,  from  both  transitions,  at  this  frequency.  The  relaxation  rates  for  these 
two  orientations  may  differ,  resulting  in  a  biexponential  recovery  of  magnetization.  The  relative 
weights  given  to  the  two  transitions  in  the  biexponential  recovery  will  be  determined  by  several 
factors  (19).  This  introduces  from  about  a  3%  to  a  12%  contribution  from  the  35.7  degree 
orientation  to  Rjz  measured  at  frequency  corresponding  to  the  90  degree  orientation  of  the 
microcrystallite  (19).  We  have  not  included  this  factor  in  our  calculations. 

The  inclusion  of  overall  molecular  reorientation  (composite  model)  to  the  uniaxial  motion 
reduces  the  error  between  the  predicted  and  experimental  relaxation  times  as  seen  in  Figures  2-5 
(also  in  the  values  of  Table  II).  The  errors  in  measuring  the  relaxation  rates  caused  by  the 
overlapping  of  the  two  resonances  may  account  for  the  small  differences  between  the  experimental 
data  and  the  composite  model,  but  not  for  the  much  larger  differences  between  the  experimental 
data  and  the  uniaxial  model. 

The  predicted  rates  for  motion  about  the  1'  -  4'  axis  differ  only  slightly  between  the  two 
models  over  the  entire  temperature  range  studied.  The  reorientation  rates  predicted  by  the 
composite  model  are  approximately  76%  of  those  predicted  by  the  uniaxial  model.  Both  models 
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suggest  the  rate  of  teorientation  is  greater  than  three  times  the  nuclear  Larmor  firequency  at  0  °C  and 
that  this  rate  increases  with  temperature.  The  type  of  reorientation  predicted  for  the  two  models 
differs  significantly  over  the  temperature  range  from  20  to  80  °C.  The  uniaxial  model  suggests  this 
motion  is  more  like  a  strong  collision,  p  «  0.3.  The  type  of  motion  suggested  by  the  composite 
model  is  more  like  small  step  rotational  diffusion,  p  »  0.65. 

Activation  energies  for  the  rotation  of  the  phenyl  ring  about  the  r-4'  axis  can  be  determined 
from  plots  of  ln(l/k)  vs.  l/T  (25).  Figure  6  is  a  graphical  representation  of  the  predicted  correlation 
times  log  1/k  with  1/T.  The  data  points  used  to  plot  log(l/k)  vs.  l/T  are  not  linear  as  can  be  seen 
firom  a  best  fit  line  through  the  predicted  points.  We  have,  however,  used  the  slope  of  the  line  to 
determine  the  apparent  activation  energy  for  rotation  of  the  phenyl  ring  about  the  r-4’  axis.  The 
deviation  of  the  points  from  linearity  may  be  a  result  of  the  varying  composition  of  the  liquid 
crystals  with  temperature.  The  system  consisting  of  SHBS  and  water  is  known  to  be  biphasic  at 
40%  water  and  over  the  temperature  range  studied  here.  In  the  biphasic  system,  lamellar  liquid 
crystals  are  known  to  be  in  equilibrium  with  a  solution  of  solubilized  surfactant.  The  liquid 
crystals  contain  approximately  25%  water  at  room  temperature,  whereas  the  concentration  of 
SHBS  in  water,  at  this  temperature  is  less  than  0.06%.  At  90  “C  the  concentration  of  solubilized 
SHBS  increases  only  to  about  0.5%,  while  the  liquid  crystals  may  incorporate  more  water.  For 
the  case  of  the  uniaxial  model,  the  apparent  activation  energy  is  found  to  be  3.4  kcal/mole,  for  the 
composite  model  it  is  found  to  be  3.5  kcal/mole.  These  activation  energies  seem  reasonable,  they 
are  approximately  half  of  that  determined  for  the  phenyl  ring  of  p-diethynylbenzene  (DEB) 
dissolved  in  a  nematic  phase  from  Merck  Licristal  Phase  5  (26,32).  The  phenyl  ring  in  our 
lyotropic  phase  appears  to  be  less  restricted  to  rotation  than  the  DEB  phenyl  ring  in  the  nematic 
phase.  This  is  quite  possible  as  the  ionic  repulsion  between  the  headgroups  and  the  double-tailed 
nature  of  the  chains  may  give  the  headgroup  more  space  to  rotate  than  in  the  nematic  phases. 

In  studies  which  have  a  site  that  can  be  labeled  on  the  molecular  diffusion  axis  the  rate  of 
molecular  diffusion  kp  can  be  determined  (26,32).  The  structure  of  SHBS  does  not  allow  this 
information  to  be  obtained.  The  use  of  ky  at  only  5  times  the  magnitude  of  k(x  and  kp  may  be  in 
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error,  since  the  motion  about  the  molecular  diffusion  axis  should  be  much  greater  than  the  motion 
of  the  molecule  about  the  director  axis,  for  molecular  motion  about  the  axis  to  be  uncoupled  from 
the  rotation  of  this  axis.  However,  the  fits  to  the  data  indicate  that  the  inclusion  of  the  composite 
motion  can  account  for  the  relaxation  times,  in  spite  of  this  possible  limitation. 
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Conclusions 

Both  models  for  molecular  reorientation  indicate  that  the  motion  of  the  phenyl  ring  is  fast 
relative  to  the  nuclear  Larmor  frequency  between  20  and  80  “C.  Both  models  predict  similar  rate 
constants  for  reorientation  about  the  r-4'  axis,  but  the  type  of  motion  predicted  differs 
significantly.  The  composite  model,  incorporating  phenyl  ring  rotation  and  anisotropic  viscosity, 
fits  the  relaxation  data  better  than  the  simpler  uniaxial  model.  This  is  in  agreement  with  an  earlier 
lineshape  study,  which  demonstrated  that  anisotropic  viscosity  could  account  for  spectral 
lineshape.  As  shown  previously,  the  internal  rotation  superimposed  on  the  overall  molecular 
reorientation  in  the  presence  of  a  restoring  potential  is  necessary  to  account  for  the  relaxation  data 
in  locally  ordered  systems  (26).  The  relaxation  rate  data  enabled  the  rates  of  motion  of  the  phenyl 
ring  to  be  quantified,  whereas,  lineshapes  analysis  was  only  effective  in  giving  a  type  of  molecular 
reorientation  and  a  minimum  rate  for  molecular  reorientation.  Together,  the  two  studies  provide 
complementary  information  on  phenyl  group  reorientation  in  the  smectic  phase. 

The  excess  water  present  in  the  sample  containing  liquid  ciystals  of  SHBS  allows  the  liquid 
crystalline  phase  to  incorporate  more  water  at  higher  temperatures.  The  incorporation  of  excess 
water  into  the  liquid  crystals  at  higher  temperatures  was  seen  in  a  study  of  the  binary  system  of 
SHBS  and  D2O  (35).  The  incorporation  of  water  will  affect  the  hydration  of  the  sulfonate  group 
and  probably  affect  phenyl  ring  reorientation  over  this  temperature  range.  This  may  be  the  reason 
for  the  deviation  from  linearity,  of  the  Arrhennius  plots,  although  the  apparent  energies  of 
activation  seem  reasonable  for  this  process. 
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Table  I 

Relaxation  time  data  (in  ms)  from  the  inversion>recovery  and  broadband  Jeener- 
Broekaert  experiments  for  the  deuterons  located  on  the  phenyl  ring  of  SHBS  in 
the  liquid  crystalline  phase  oriented  at  15°  and  90°  relative  to  the  magnetic  field 
axis.  The  uncertainties  in  the  time  constants  based  on  the  square  roots  of  the 
relevant  elements  of  the  covariance  matrices,  are  less  than  3%  of  the  values 
shown. 


T(°Q 

Tiz(90°) 

Tiz(15°) 

Tiq(90°) 

Tiq(15°) 

0 

2.78 

3.33 

3.11 

20 

2.60 

2.80 

2.57 

2.68 

40 

3.32 

3.23 

3.02 

3.15 

60 

4.10 

4.52 

4.47 

4.51 

80 


6.53 


6.65 


6.93 


7.15 
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Table  n 

Best  fit  parameters  for  rotation  of  the  phenyl  ring  of  SHBS  in  the  liquid 
crystalline  phase  using  models  (1)  and  (II).  The  parameters  p  and  ki  correspond 
to  the  uniaxial  model  (I)  and  the  p'  and  k<y  correspond  to  the  composite  model. 


Model  I  Model  II 


T(°Q 

P 

ki  (108  s-l) 

P’ 

ky(108s-l) 

0 

20 

0.32 

1.2 

0.35 

0.65 

0.93 

0.03 

40 

0.25 

1.5 

0.67 

0.65 

1.1 

0.04 

60 

0.28 

2.1 

0.73 

0.65 

1.6 

0.14 

80 

0.23 

3.3 

1.87 

0.65 

2.6 

0.07 
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Figure  Captions 

Figure  1.  Spectra  'ilculated  from  the  models  of  anisotropic  rotational  diffusion  and  anisotropic 
viscosity  shown  along  with  the  experimental  spectrum  at  25°  C  (after  reference  18).  The 
frequencies  corresponding  to  microcrystallites  oriented  at  15  and  90  degrees  with  respect  to  the 
magnetic  Held  are  shown  on  the  experimental  spectrum. 

Figure  2.  Inversion  recovery  relaxation  time  constants  for  microcrystallites  located  at  90  degrees 
with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the  liquid  crystalline 
phase  with  temperature. 

Figure  3.  Inversion  recovery  relaxation  time  constants  for  microcrystallites  located  at  15  degrees 
with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the  liquid  crystalline 
phase  with  temperature. 

Figure  4.  Broadband  Jeener-Broekaert  relaxation  time  constants  for  microcrystallites  oriented  at 
90  degrees  with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the 
liquid  crystalline  phase  with  temperature. 

Figure  5.  Broadband  Jeener-Broekaert  relaxation  time  constants  for  microcrystallites  oriented  at 
15  degrees  with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the 
liquid  crystalline  phase  with  tenqjerature. 


Figure  6.  Predicted  rate  constants  for  phenyl  ring  reorientation  about  the  r-4'  axis  for  the 
uniaxial(9)  and  cotTqx}site  (A)  models  as  a  function  of  tetrq)erature. 
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Figure  1.  Spectra  calculated  from  the  models  of  anisotropic  rotational  diffusion  and  anisotropic 
viscosity  shown  along  with  the  experimental  spectrum  at  25°  C  (after  reference  18).  The 
frequencies  corresponding  to  microcrystallites  oriented  at  15  and  90  degrees  with  respect  to  the 
magnetic  field  are  shown  on  the  experimental  spectrum. 


e  3.  Inversion  recovery  relaxation  time  constants  for  microcrystallites  located  at  15  degrees 
espect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the  liquid  crystalline 
with  temperature. 


Figure  4.  Broadband  Jeener-Broekaert  relaxation  time  constants  for  microcrystaJlites  oriented  at 
90  degrees  with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the 
liquid  crystalline  phase  with  temperature. 


Figure  5.  Broadband  Jeener-Broekaert  relaxation  time  constants  for  microcrystallites  oriented  at 
15  degrees  with  respect  to  the  magnetic  field  for  deuterons  on  the  phenyl  ring  of  SHBS  in  the 
liquid  crystalline  phase  with  temperature. 
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